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Variable Switching Frequency Techniques for Power
Converters: Review and Future Trends

Liwei Zhou

Abstract—Variable-frequency (VF) techniques have been widely
applied in the fields of power electronics and motor drives. Based
on the categories of frequency variables, the VF techniques can
be typically classified into three perspectives: variable drive speed
frequency, variable switching frequency (VSF), and variable sam-
pling frequency. The speed frequency is related to the motor
speed/torque control and has already been well summarized. VSF
techniques for power converters can also be leveraged in iso-
lated/nonisolated topologies to improve the performances in the
aspects of switching loss reduction, power transfer optimization,
optimal voltage/current control, and electromagnetic interference
noise reduction. The corresponding works on VSF techniques lack
systematic study and review. This article studies the VSF techniques
based on the methodologies and application purposes. The detailed
classification and analysis for VSF techniques are derived accord-
ing to the existing publications. The typical analyzed techniques
have been compared and validated experimentally in this article to
show the effectiveness. Also, the inspirations and future trends are
studied and summarized.

Index Terms—Electromagnetic interference (EMI) noise, phase
shift modulation, soft switching, variable-frequency (VF) motor
drive, variable sampling frequency, variable switching frequency
(VSF).

1. INTRODUCTION

ARTABLE-FREQUENCY (VF) techniques are crucial to
V the improvement of power converters and motor traction
performances. The general classification of the VF technolo-
gies have been summarized in Fig. 1. In the applications of
power electronics and motor drives, the frequencies of sev-
eral system variables have been adjusted to satisfy various
control targets. Among the tunable parameters, motor drive
speed frequency, power converter switching frequency, and
sampling frequency are the main variables that have been
leveraged for study and research. In the power electronics or
motor drive systems, the time scales for different parameters
are varying and can be ranged from microsecond to minute.
Thus, the corresponding frequencies can be ranged from hertz
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Fig. 1. Classification of VF techniques in power electronics and motor drives.
to megahertz. For instance, in a motor drive system, the mo-
tor speed frequency can be configured with wide range from
hertz to kilohertz based on the demands of the interfaced
loads or sources. In the embedded microcontroller system of
power electronics, the sampling frequencies for voltage/current
information can be ranged from kilohertz to hundreds of kilo-
hertz based on the bandwidth of sensing circuits. Also, the
control frequencies for voltage, current, or power management
vary from kilohertz to tens of kilohertz, which are largely de-
pendent on the microcontroller computation capability. Further-
more, another important parameter is the switching frequency
that is crucial to the performance and power density of power
converters. Typically, the switching frequency is fixed and can
be ranged from kilohertz to megahertz based on the charac-
teristics of the power switches, either tyristor, gate turn-off
thyristor (GTO), insulated-gate bipolar transistor (IGBT), or
wide band-gap SiC/GaN. However, with the increasing demands
for high-performance power conversion systems, the switching
frequency can also be adjusted for the purposes of soft switch-
ing with lower switching loss, optimal power transfer, volt-
age/current optimal control, electromagnetic interference (EMI)
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noise reduction, and total power loss minimization. This specific
area of study still lacks of review and summary, which is the main
focus of this article.

First, for the VF motor drive techniques, the motor speed is a
crucial controllable parameter that is highly relevant to the per-
formance of the driving system. The motor structures can be typ-
ically classified into three categories including the induction mo-
tor, synchronous machine, and electronically commutated ma-
chine [1], [2], [3]. Different motor speed control strategies have
been developed to drive the motor with a desired speed range
under certain load requirements [4], [5], [6]. Since the motor
topologies are diverse with different applications, the speed and
torque control techniques can vary accordingly. The motor drive
system control is a relatively huge and complicated topic that has
been especially summarized. Thus, this article is focusing on an-
other VF parameter of the power converter switching pulsewidth
modulation (PWM), which has not been reviewed in detail.

Second, for the variable sampling frequency techniques,
several methods have been developed by adjusting the
voltage/current/motor position sensing frequency to improve
the control performance of power converters [7], [8], [9], [10],
[11]. The variable sampling frequency can be leveraged to deal
with the harmonic distortion especially for the detection of
fractional ratio fundamental frequency components. Thus, the
harmonic distortion can be attenuated more accurately. Also,
for the high-frequency interfaces such as aircraft or other motor
drive systems, the load frequency can be ranged from hundreds
to thousands hertz. An adjustable sampling frequency can
satisfy the demand of wide frequency range of the interfaced
applications [12], [13], [14]. Not only the integer ratio of the
reference signals but also the fractional components can be
sampled as well. The sampling and control accuracy can be
improved accordingly.

Third, for the focus of this article on variable switching
frequency (VSF), the power converters typically leverage the
corresponding VSF techniques to improve the performance in
mainly the following four aspects:

1) soft switching for the reduction of switching loss by ZVS

or ZCS;

2) optimal power transfer in isolated power converters;

3) optimal voltage/current control;

4) EMI noise reduction and total power loss minimization.

For the soft switching techniques to reduce the switching
loss, the VF strategies are mainly aimed at adjusting the current
ripple with certain peak/valley current points based on the soft
switching boundary conditions [15], [16], [17], [18], [19], [20],
[21], [22], [23]. Most of the VF soft switching techniques are
configured for the zero-voltage switching (ZVS) without adding
auxiliary resonant circuits [24], [25], [26], [27], [28], [29], [30],
[311, [32], [33], [34], [35], [36]. A bidirectional switch side
inductor current ripple can enable a zero-voltage turn-ON of the
upper switch in a typical two-level power converter phase leg.
Thus, the higher loss of upper switch hard turn-ONis avoided and
replaced with the smaller loss of lower switch hard turn-OFF [37],
(381, [391, [401, [411, [42], [43], [44], [45], [46], [47], [48], [49],
[50], [51], [52]. For the optimal power transfer in isolated power
converters, two degrees of freedom including the VF and phase
shift are commonly applied to achieve ZVS and output power
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regulation, respectively, at a wide power range [53], [54], [55],
[56], [57], [58], [59], [60]. This VF phase shift technique solves
the issues of low efficiency and EMI noise especially in light
load compared with the single VF method [61], [62], [63], [64],
[65], [66], [67], [68]. For the optimal voltage/current control
techniques, the VSF strategies are typically leveraged to assist
the voltage/current regulations in various topologies especially
for the isolated multistage converters. Specifically, in the res-
onant or isolated converters, the switching frequency can be a
coupled term for the expressions of input/output voltage/current
or dc-link voltage. An adjustable switching frequency could
contribute to a wider range of voltage gain, higher efficiency, less
dc-link voltage ripple, better dynamic response in current-mode
and higher current/load capacity with less conduction loss [69],
[70], [71], [72], [ 73], [74], [75], [76]. Other benefits of the VSF
can be concluded as the combination of two aspects: EMI noise
reduction and power loss minimization, since a tradeoff might
be made to achieve more on either of these two goals [77], [78],
[79], [80], [81], [82], [83], [84]. On one hand, spreading the
switching spectrum with VF can help improve the EMC of power
converters [85], [86], [87], [88], [89], [90], [91]. On the other
hand, the adjusted switching frequency will bring extra power
loss with lower efficiency, since the VSF rules for minimum
power loss and spread spectrum may be contradictory [92],
[93], [94], [95], [96], [97], [98], [99], [100], [101], [102],
[103]. Besides the VSF techniques, the adjustable switching
frequency can also be applied to the modulation strategy as pulse
frequency modulation (PFM) [104], [105], [106], [107], [108],
[109], [110]. Different from the PWM strategy to implement
a constant frequency square wave with modified duty cycle,
PFM is developed by leveraging a constant duty cycle with
modulated square wave frequency [111]. The applications can be
the constant turn-ON time and constant turn-OFF time control for
dc/dc converters. Also, another example is the hysteretic voltage
converter to change the switching frequency for certain current
ripple bandwidth with the corresponding upper and lower limits.

This article is organized as follows. First, the VSF techniques
for soft switching and switching loss reduction are analyzed
for different isolated/nonisolated dc/dc and dc/ac converters.
Second, the VSF methods for optimal power transfer in isolated
converters are summarized in combination with the phase shift
technique. Third, different control methods for voltage and
current regulations are demonstrated to be integrated with the
VSF strategies. Fourth, the EMI noise reduction and power loss
minimization methods are concluded by leveraging the VSF
technique. Fifth, the certain typical methodologies have been
validated experimentally in this article to show the feasibility
of VSF. Finally, the inspirations and future trends of VSF tech-
niques are derived.

II. VSF FOR ZVS/ZCS SOFT SWITCHING AND SWITCHING
Loss REDUCTION

A. Methodologies

For the VSF techniques to achieve soft switching opera-
tion, the main motivation is to manage the zero-voltage/current
turn-ON/OFF among the power switches by adjusting the switch
side inductor current ripple (peak/valley points). For a two-level
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Fig. 2. Methodology of VF to achieve soft switching turn-ON operation.
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Fig. 3. Turn-ON and turn-OFF loss comparison for C3M0021120 K SiC
MOSFET.

phase leg module with upper and lower switches, the typical
methodology to implement the VF soft switching has been
shown in Fig. 2. In both dc and ac modes, the commonly applied
idea is to achieve a bidirectional inductor current ripple by
varying the switching frequency. Doing so, the high turn-ON loss
of the upper switch can be substituted by the relatively smaller
turn-OFF loss of the lower switch, since the upper switch output
capacitor can be fully discharged before its turn-ON. The upper
switch can achieve zero-voltage turn-ON to reduce the switching
loss. The switching energy comparison in one period for the turn-
ON/OFF of the typical SiC MOSFET, C3M0021120 K, is presented
in Fig. 3. The turn-ON loss is demonstrated approximately four
times higher than the turn-OFF loss. Thus, implementing such
soft switching with VSF techniques is crucial for the efficiency
improvement.

B. Applications

Different circuitry topologies can be leveraged to imple-
ment the VSF soft switching techniques with the corresponding
loads/sources requirements such as nonisolated/isolated dc/dc
or dc/ac power converters in Figs. 4 and 5. Specifically, based
on the characteristics of the loads/sources, the envelopes of
the switch side inductor current waveforms may vary. For the
holistic demonstration of the control and VSF strategies, the

15605

. '\
L
vin ==
+
- Vout
. | «T -
(2)
+ k k k L Grid
Vin i |
_ L
L1 1 TIT
()
RN
Vin ==
. | 1

f,up SJI Cl’,upl
n L +
.

I S1 Ic
+ Lt 1 :
Vin ° -|- Vout
_ I 1 -
ISz I Cflo s4| Cflo I

(@

Fig. 4. Power conversion topologies of (a) nonisolated two-level DC/DC
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Fig. 5. Two-stage isolated DC/AC converter composed of isolated two-level
DC/DC converter and nonisolated two-level DC/AC inverter.

diagram has been shown in Fig. 6, which includes the following
three parts:

1) basic voltage/current (power) controller for the regulation
of output voltage/current and derivation of the duty cycle
for PWM signals;

2) VSFto elicit the desired switching frequency value for the
adjustment of switch side inductor current ripple envelope
and realization of zero-voltage/current switching;

3) power converters involving nonisolated/isolated dc/dc or
dc/ac converters.

A typical coordination among the three parts can be sum-
marized as: the VSF block receives the duty cycle from the
voltage/current controller to derive the desired switching fre-
quency in each control period. A frequency limiter is also
commonly cascaded with the frequency derivation section based
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tions.

on the capability constraints of the power switches and magnetic
components.

For the derivation of the VSF, the main idea is to control the
peak/valley points of the switch side inductor current ripple as
the desired values to fully discharge the switch output capacitor
before turn-ON and achieve zero-voltage turn-ON. A fundamental
equation for the current ripple should be followed as

d(l d)vdc

_ 1
fsw Lfs ( )

i =
where iy, d, Vae, fsw, and Lgs are the switch side inductor
current, duty cycle, dc bus voltage, switching frequency, and
switch side inductance, respectively. And the zero-voltage soft
switching requires the peak and valley switch side inductor
current ripple values to be at least larger than I,,s and smaller
than -1, respectively. Then, for the averaged current sampling
application, the derivation of the VSF, T, can be demon-
strated as

(1 d)dvg
f w,zvs — - , - 0 5
SW,ZVS 2(|Lfs,ave + IZVS)I—fS ILfs,ave (2a)
(1 d)dvg
s = : e
SW,ZVS 2(lzvs  iLgsave)lts Lfs,ave (2b)

where i £ ave 1S the averaged switch side inductor current value.
I,ys is the minimum required envelope current value to fully zero-
voltage turn-ON the upper switch and achieve the soft switching
at certain dead time, Tq. The relationship among the I,,, Tq, and
soft switching regions has been shown in Fig. 7. The blue regions
are the areas for soft switching operation with enough ripple
current and dead time to fully discharge the upper switch before it
turns ON. On the contrary, the yellow regions are representing the
hard switching operation. Also, several typical wide band-gap
devices have been plotted with the corresponding soft switching
boundary conditions.

Besides the commonly used VSF derivation, various tech-
niques have been developed with the hardware sensor circuit and
functional algorithm improvements for the dc and ac modes im-
plementations. The various applications and the corresponding
inductor current ripple shaping designs for ZVS soft switching
have been shown in Fig. 8. The specific implementing method-
ologies of the various applications are classified and shown as
follows.
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Fig. 7. Boundary conditions of soft switching operation regions for different
typical wide band-gap devices.

1) DC Mode: In the dc mode, the applications can be the
typical dc/dc converters in Fig. 4(a). By following the VSF
derivation equations in (2), the peak/valley points of the switch
side inductor current ripple can be maintained within the soft
switching regions of Fig. 7. Even with some current steps, the
minimum required envelope current ripple can still be main-
tained above l,,s by adjusting the switching frequency as is
shown in Fig. 8(a) [22], [26], [43], [44], [45].

2) AC Mode With Constant Ripple: For the ac mode, as
demonstrated in Fig. 8(b), one approach to implement the soft
switching operation is by introducing a large fixed current ripple
to guarantee that the peak/valley switch side inductor current
ripple is positive and negative with the absolute value larger
than |l,ys| [30]. A VSF can be determined by satisfying the soft
switching at the most rigorous conditions of peak/valley sinu-
soidal averaged current points. The corresponding peak/valley
switch side inductor current can be derived as

(3a)
(3b)

ipeak = Iave,amp Sin( t) + Izvs

IZVS

ivalley = Iave,amp Sin( t)

where e amp 18 the averaged inductor current. Thus, the corre-
sponding switching frequency can be demonstrated as

_ (0-5Vdc)2 [Vg,amp Sin( t)]2
LfsVdc(levs)

where Vg .np is the output side ac voltage amplitude.

3) AC Mode With Constant Reverse Envelope: In the ac
mode, instead of fixed switching frequency to achieve the soft
switching, several studies have developed the VSF techniques
for grid-connected power converters to realize partially or full
range soft switching [18], [20], [36], [46], [47], [48], [49], [50],
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AC modes.

[51]. Following a constant reverse current ripple envelope as is
shown in Fig. 8(c), the nonisolated grid-connected converters,
e.g., the three-phase application in Fig. 4(b), can be operated at
soft switching mode for the full ac grid period. The derivations of
the peak/valley switch side inductor current ripple value for the
constant reverse envelope can follow the following equations:

ipcak = Mp layeamp SIN( 1) + Loy, sin(t) 0 (5a)
fvaley = Davs, sin(t) 0 (5b)
ipeak = lzvs, sin(t) 0 (50
ivalley = Mplaveamp SINC ©) Ly, sin( t) 0 (5d)

where M, and My, are the peak and valley ratio for the current
ripple envelope, respectively.

4) AC Mode With Variable Reverse Envelope: For the ac
mode implementation, besides the constant ripple and constant
reverse current ripple envelope, a variable reverse envelope can
also be applied to the ac current ripple as is shown in Fig. 8(d).
The derivations of the peak/valley switch side inductor current
ripple value for the variable reverse envelope can follow the
following equations:

ipeak = Mplaveamp SIN( 1) + D, sin(t) O (6a)
ipeak = My layeamp SINC 1) Ly, sin(t) O (6b)
hatley = My laveamp SIN( 1) + 1oy, sin( t) 0 (6¢)
ivaliey = Mplaveamp SINC ©) Loy, sin(t) O (6d)

5) AC Mode With Discrete Ripple: Besides the continuous
dc and ac current ripple strategies to achieve the soft switching,
the current ripple can also be further configured as the discrete
shape [36]. As is shown in Fig. 8(e), the continuous ac cur-
rent ripple is discretized into multiple sections in every grid
period. The discrete shape of the ac current ripple is achieved
by breaking the calculated switching frequency into multiple
integer times of the sampling frequency or control frequency.

(®)

(©]

15607

: m— jLfs measurement
Real irss waveform
------ iLs ripple envelop

A

I N o= jIfs measurement
‘\ H U | [ Y

|| “\P

i
y 7\"\ r‘

Real izs waveform
...... iss ripple envelop

M,‘H T

ru
n {

|

\U‘V”‘H
M nn,\\
(LLLL

L

I
U\

Al

©)

— Lfs MEasurement N
o= jLfs measurement

Real izs waveform ‘
...... izss ripple envelop Real izs waveform

irfs ripple envelop

‘mu

‘mu“‘

®

ZVS soft switching inductor current waveforms for (a) DC, (b) constant AC, (c) continuous AC, (d) quasi-constant AC, (e) discrete AC, and (f) hybrid

100% Load  [50% Load  [1]30% Load

N
wn

g
=)

Ju—
w

Power Loss (W)

—
(=}

o
n

0.0
& & ¢ RN & & &
] P F ] < QE ¢ Q

Constant Reverse Envelope Variable Reverse Envelope Constant Ripple

Fig. 9. Power loss breakdown of different VF methods.

The corresponding derivation can be expressed as

fsw VAN
fsw,discrete = Nfsw,base = floor ——

(N

fsw,base
sw,base
where Ty, pase 1S the fundamental sampling or control frequency.

6) AC Mode With Hybrid Ripple: The last method of the VSF
strategy for soft switching is designed as the hybrid ac current
ripple in Fig. 8(f) [52]. In each grid period, the ranges near the
zero crossing points, 0, ,and 2 , are following the continuous
reverse envelope. The ranges near the peak/valley points of the
sinusoidal waveforms, /2 and 3 /2, are implementing the
smallest current ripple to reduce the loss from the high current
ripple.

The power loss breakdown is varying among different VF
methods. Tayebi and Batarseh [30] summarized the loss distri-
bution of various VF soft switching strategies, which has been
demonstrated in Fig. 9. The constant current ripple mode has
large current ripple near the zero-crossing points, which results
in the highest rms value. Thus, it has the highest conduction loss
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and inductor winding loss. However, since the current ripple is
constant in this mode, the corresponding switching frequency
range is the narrowest. Therefore, the inductor core loss is the
lowest. Oppositely, in the constant reverse envelope mode, the
switching frequency range is the widest due to the small current
ripple near the zero-crossing points. Thus, the corresponding
inductor core loss is the highest. The power loss of variable
reverse envelope is between the constant ripple mode and the
constant reverse envelope mode. In all the modes, the switching
loss accounts for the major portion of the total power loss.

C. Comparison

The outcomes of different VSF soft switching techniques
are compared in this subsection in the aspect of switching loss
reduction. Based on the analysis in [30], the three continuous
ac modes with constant ripple, constant reverse envelope, and
variable reverse envelope in Fig. 8(b)—(d) achieve the similar
efficiency curves, which are ranged from 95.5% to 98.5% at
the power range between 100 and 400 W for the application
of single-phase half-bridge microinverters. The total harmonic
distortion (THD) of the waveforms are below 2.5%. Zhou and
Preindl [45] reported that the dc mode VSF method of Fig. 8(a)
improved the efficiency by 3%—4% at the power of 1 kW. Zhou
etal. [36] tested the efficiency of the ac mode with discrete ripple
in Fig. 8(e), which achieved more than 99% efficiency at 15 kW
in a three-phase inverter. The hybrid ripple ac mode method of
Fig. 8(f) in [52] has been tested with the optimal efficiency of
98.5% at 1.5 kW for the single-phase full-bridge inverter.

III. VSF FOR OPTIMAL POWER TRANSFER
A. Technologies

The VSF strategies can be applied to the optimal power
transfer applications especially for the isolated converters as
shown in Fig. 4(d) and 5. The output power adjustment and zero
switching operations can be achieved by the switching frequency
and phase shift. Specifically, by controlling the primary and
secondary sides switching behaviors of the frequency and phase
angle, the isolated power converters can perform maximum
power transfer range, phase shift modulation, and duty cycle
control.

To expand the range of power transfer and reduce the switch-
ing loss, Hu et al. [54] proposed an optimized VSF phase shift
control method for the series-connected inductor—capacitor—
capacitor filtering system in Fig. 11 to achieve the ZVS op-
erations. Specifically, this method designed an inductive power
transfer system to achieve the ZVS operations. It solved the issue
of harmonics on the turn-ON current detection or derivation for
the inductor—capacitor—capacitor filtering power transfer sys-
tem. An optimal VF phase shift strategy was proposed to derive
the optimal working trajectory for ZVS at the least required
frequency variation.

For the wireless power transfer system of EV charging appli-
cations, an accurate ZVS angle control method was proposed
in [55] to achieve low power loss with reduced EMI noise.
Specifically, to attenuate the noise caused by high power wireless
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system.

transfer, a current hysteresis comparator is applied with a phase
detection strategy for the measurement of the resonant current
phase angle. Also, this study designed a whole time delay com-
pensation tool to ensure the accuracy of phase angle detection.
The corresponding control strategy has been shown in Fig. 12.
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In the multiphase applications of the wireless power transfer
for the electric vehicle charging system, Bojarski et al. [57]
proposed a inductively coupled converter with a hybrid phase
frequency control strategy to improve the efficiency at a wide
power range from light load to heavy load. The corresponding
circuit diagram has been shown in Fig. 13, which is composed
of multiple phase legs, multiple intercell transformers (ICTs), a
wireless transformer link, and a full-bridge passive rectifier. This
proposed concept achieved a full-range ZVS operation from no
load to rated power. Also, the operating switching frequency can
be regulated within a limited range suggested by SAE J2954
for wireless EV charging. This multiphase wireless design is
especially suitable for the high power application without the
need of separate wireless link for each phase.

For the dynamic conditions of the wireless power transfer,
a VF control method has been proposed in [58] to improve the
transient performance. The load is time varying, which can cause
the oscillation on the output voltage. The designed controller
is aimed at series—series compensated wireless chargers by
tracking the real-time frequency. The control algorithms were
implemented by a phase-locked loop with optical communica-
tion between the primary and secondary sides. The frequency
response has been validated faster with stable output voltage
compared with the traditional fixed frequency operations espe-
cially in motion.

Typically in the constant power control mode of the capacitor
charging power supply, the VF modulation can perform wider
range of gain than the phase shift modulation. Xu et al. [59]
proposed a VFE-phase shift modulation method to achieve high
transformer utilization and power efficiency. Specifically, the
ZVS boundary conditions were derived by calculating the re-
lations among the power, output voltage, frequency, and phase
shift angle. Doing so, the measurement issue of the current due
to harmonic component can be solved. The power calculation is
more precise, accordingly.

B. Comparison

The study in [54] achieved the efficiency of 96.4% at the rated
power of 2.2 kW with the coupling coefficient of 0.22. And
the proposed VF phase shift method increased the efficiency by
2.6%—6.9% compared with the traditional phase shift technique.
Another work of EV battery charging achieved the system effi-
ciency of 94.17% for the wireless high-power transfer applica-
tion on a 500-W prototype in [55]. The multiphase applications

Multiphase two-level converter application of the wireless power transfer system.

of the inductively coupled converter in [57] developed a wireless
electric vehicle charger that improved the efficiency by 1.1% at
the heaviest load (1 kW) and 5.7% at the lightest load conditions
compared to the conventional phase shift control. A maximum
efficiency of 93.34% has been reached at the rated power. Gati
et al. [58] also designed a 1-kW prototype for power transfer in
motion with a VF controller to improve the frequency response
and load variation dynamic performance. The rise time of the
frequency step response has been reduced to below 0.3 ms. The
efficiency ranged from 85% to 91% from light to heavy load.
Xu et al. [59] demonstrated the LCC resonant capacitor charger
with VF and phase shift to achieve the constant power control.
A 500-W, 1-kV prototype has been designed with the maximum
efficiency of 95% at the output voltage of 600 V.

IV. VSF FOR VOLTAGE/CURRENT OPTIMAL CONTROL
A. Technologies

Another popular application of the VSF techniques is the
optimal voltage/current control. Several studies have developed
the VSF strategies mainly in the isolated power converters to
broaden the input/output voltage/current operating ranges. At
the same time, the efficiency can be maintained at a high level
with zero switching or phase shift modulation methods. The
optimal voltage/current control in combination with the VSF
techniques results can benefit a wider voltage range, reduced
dc-link voltage ripple, or even increased current capacity.

Agamy and Jain [69] designed a three-level resonant single-
stage power factor correction converter to increase the input
voltage range by combining the VF and phase shift modulation.
Specifically, the VF is leveraged to adjust the output voltage,
and the phase shift technique is applied to control the desired
input current shaping. The ZVS is achieved at a wide range of
load power and input voltage.

Another power factor correction converter has been developed
for the offline power supply application in [70]. The designed
circuit topology has been shown in Fig. 14. For this study, a
resonant LLC filter converter provides the supplying power to
a boost converter in the continuous conduction mode. A VF
multiplier technique has been developed in this article to vary the
dc gain ratios. This method solved the low-efficiency issue in the
low-line input voltage conditions. The developed VF multiplier
in the circuit stabilized the LLC resonant tank voltage and current
under various modes of the grid conditions (1 10V s or 220V ).
Thus, the corresponding power losses in the LLC resonant tank,
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Fig. 15.  Six-switch leg dual LLC resonant converter.

transformer, and rectifier diodes maintained stable in different
modes. The total efficiency of the multistage system remained
constant under both 110V, and 220V,,s grid conditions. The
input voltage range has been largely expanded.

Another research in [71] proposed a dual-phase LLC resonant
converter by applying six-switch dual active bridge with two
output terminals. By doing this, the voltage rating of the upper
and lower switches can be reduced to only half of the input
voltage as shown in Fig. 15. In this work, the VF control achieved
the soft switching operations on the primary side for all load
ranges. And the phase shift control is applied for the power
transfer to maintain a stable output voltage when the input
voltage is varying. Besides, the duty cycle derivation in this
method is based on the load conditions that contributes to the
attenuation of the reverse power flow especially during light load
cases. The corresponding control and modulation principle has
been shown in Fig. 16 where the energy transferred from the
input to the output side was adjusted by the phase shift angle,
switching frequency, Ty, and control angle,

For the interleaved LLC resonant converter application of the
VF techniques, Wu et al. [72] combined the VF and phase shift
to achieve a wide output voltage range with high efficiency. In
this proposed circuit topology and control methods, the primary
side is connected in parallel and secondary side is connected in
series. The VF is applied to regulate the output voltage. When
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Fig. 17.  VSF PWM method for the DC voltage ripple control diagram.

the output voltage is high, the VF strategy is applied to adjust
the output voltage. However, if the output voltage is in a low
level, a fixed frequency phase shift method is applied to regulate
the output voltage. The configuration achieved the zero-voltage
and zero-current switching for all the switches and diodes.

Besides the voltage/current control, the VSF can also con-
tribute to the dc bus voltage ripple regulation. Li and Jiang [73]
proposed a VSF PWM strategy to limit the dc bus voltage ripple
for the two-level rectifier. The corresponding control diagram
has been shown in Fig. 17. The dc bus voltage ripple can be
predicted through a real-time model. The designed VSF PWM
strategy is able to adjust the switching frequency in each period
to limit the dc-link voltage ripple. The working principle was
implemented by adjusting the triangular carrier slope. Thus, the
peak value of the dc voltage ripple could be attenuated within
the required range.
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Multisource converter with VF and voltage/current control tech-

For the multisource application, Reddi et al. [112] designed a
multisource converter to apply more than one sources at the input
side as shown in Fig. 18. Different types of the power sources,
photovoltaic, battery, wind power, and so on, can be integrated
into the input side of the converter to deliver power to the
load. Also, different types of the source applications have been
utilized the VF to enhance the voltage/current balanced control
and improve the efficiency. Among the studies, [16], [55], [56],
[67], and [102] developed the VF techniques for the battery
energy storage system; [38], [110], [113], [114] presented the
VF applications in solar energy system; [115] designed a VF
modulation method to achieve ZVS for a 7-kV to 400-V dc
transformer; and [116] and [117] developed the VF techniques
for the wind energy system to achieve soft switching operation
and high efficiency in the dc grid. Furthermore, the application
of VF in wireless power transfer has been studied in [53], [66],
and [118] to improve the output power performance, harmonics,
and efficiency.

B. Comparison

Agamy and Jain [69] studied a multilevel resonant power con-
verter with wide ac input voltage range from 90 to 265 Vrms. The
2.3-kW, 48-V, three-level half-bridge converter prototype has
been designed with a resonant frequency of 170 kHz to operate
beyond for maintaining ZVS. The maximum efficiency of 91.5%
has been achieved at full current load. Gu et al. [70] developed
a two-stage step-down power factor regulator that can operate
at a wide ac input voltage range from 85 Vrms to 265 Vrms for
the offline power supply application. The efficiency achieved
more than 95% at the input voltage values of 135 Vrms and
248 Vrms. The application of six-switch dual-active-bridge
converter in [71] demonstrated a 1.5-kW, 210—400 V input and
80 V output prototype that achieved 96.7% efficiency at the
peak load. The multiphase interleaved LLC resonant converter
in [72] showed a 3.5-kW dc/dc prototype with 400 V input and
150-500 V output. The efficiency was maintained above 96% at
the full output voltage range and reached 98% at the full load.
Li and Jiang [73] developed the VSF PWM method for the dc
bus voltage ripple control and mitigation in the three-phase dc/ac
grid-connected inverter that achieved lower dc voltage ripple and
EMI noise. Thus, the cost on the EMI filter could be reduced.

V. VSF FOR EMI NOISE AND POWER LOSS REDUCTION

A. Technologies

The VSF techniques can be leveraged to play the tradeoff
between the EMI noise attenuation and power loss reduction. On
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Fig. 19.  Parallel-connected two-level inverters for the attenuation of circulat-
ing current with VSE.

the one hand, dispersing the switching spectrum with the VSF
contributes to the EMI attenuation. On the other hand, the time-
varying switching frequency results in extra switching losses
with reduced efficiency, since the VSF for goal of spreading the
switching spectrum will sacrifice some of the power loss-based
optimal frequency operations.

Li et al. [79] proposed a VSF method for the paralleled
inverters to attenuate the circulating current as shown in Fig. 19.
Two inverters are connected with a common dc bus. The ac
output side terminals of each phase for the two inverters are
connected with the coupled inductors. A time-domain model
has been developed in this article to describe the circulating
current in every switching period. By applying the VSF, the
peak or rms values of the circulating current can be derived. The
VSF PWM modulation was leveraged to utilize the saturation
limitations of the coupled inductors. Compared to the constant
switching frequency operation, the proposed method achieved
relatively lower circulating peak current and switching losses.
Specifically, the switching frequency of the parallel converters
can be demonstrated as

_ max(icir,peak,ar icir,peak,bn icir,peak,C)
fn ="~ 3)

lcir,require

where fg is the fixed switching frequency reference, Ty is the
timely updated VSF, and icirrequire is the required limit of the
circulating current.

Another aspect of the VSF has been focusing on the optimiza-
tion of the THD. Attiaetal. [81] developed a VSF PWM strategy
with limited bandwidth to achieve low output current THD and
relatively low switching losses in the single-phase inverter. This
method was proposed by restricting the switching frequencies
within a desired practical bandwidth. Doing so, the LCL filter
optimization process can be simplified without sacrificing the
output distortion and power losses.

Although the attenuation of EMI noise or output side distor-
tion seems to be contradictory to the reduction of power losses,
Mandrioli et al. [84] had tried a different VSF strategy to achieve
both merits in a four-wire split-capacitor inverter system. The
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Fig. 20.  Four-wire split-capacitor two-level inverter topology.

inverter topology has been shown in Fig. 20 where the fourth
leg is connected to the neutral of the dc split capacitors. The
proposed VSF strategy is adjustable for each phase. The phase
current ripple has also been configured predictable with VSF
to achieve a relatively flat current ripple envelope. The power
converter efficiency has been improved without the need of
bringing too much harmful current distortions. This method
was also capable of dealing with the unbalanced grid conditions
due to the fourth wire connection. The corresponding VSF was
defined as

f ix,peak(mXa x) |CSF
ix,ref(mx)

T (My, x)lvsk = )
where X is the phase order index of a,b, or, ¢; is the grid
frequency phase angle of 2 fyt; my is the modulation depth
ranged from O to 0.5; CSF represents the constant switching
frequency; and iy peax and iy ¢ are the real-time and desired
peak-to-peak current ripple, respectively.

Current ripple prediction is an important topic for the VSF
techniques to improve the converter performance in the aspects
of the EMI or power loss reduction. Jiang and Wang [90]
developed two types of VSF PWM modulation methods with
current ripple prediction strategies to reduce the EMI noise with
a low switching frequency. Fig. 21 shows the designed VSF
PWM strategies with the corresponding current ripple prediction
methods. The first method was configured to assign the current
ripple peak value within a desired range for the purposes of
reducing the switching frequency and EMI noise. The second
strategy was developed by maintaining the fixed rms ripple
current value to attenuate the EMI noise. The VSF value for
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Fig.21. Two types of current prediction methods for the VSF PWM modula-
tion strategies.

current ripple prediction could be derived as

Inpple require

fs=fsn (10)

|r1pp]e prediction
where T N is the nominal switching frequency; and iyippie require
and iripple prediciion are the required and predicted current ripple,
respectively.

B. Comparison

The VSF application of the circulating current attenuation
for paralleled inverters in [79] utilized the saturation limit of
the coupled inductor to mitigate the EMI noise and reduce the
switching loss. The efficiency has been improved by 0.69% with
the proposed VSF method. Another application of single-phase
inverter in [81] developed the limited band VSF PWM to sim-
plify the filter design and reduce the output current THD with a
low switching loss. The prototype has been designed with 370-V
dc bus, 2.5-10 kHz switching frequency, and 1-kW rated power.
The maximum efficiency of 94.29% was achieved at peak power
and the THD was below 3.699%. For the three-phase four-wire
inverter application in [84], the prototype has been tested with
100-V dc bus, minimum switching frequency of 1.6 kHz to
achieve 98.83% efficiency at the unit power factor, full load
that was 0.5% more efficient than the conventional constant
switching frequency method. Additionally, Jiang and Wang [90]
developed the VSF to reduce the equivalent switching frequency
and EMI noise. The lower order harmonics of the output current
have been largely reduced.

VI. APPLICATIONS AND SUMMARY

A. Transmission System

VF techniques have been studied in the application of the
transmission system. The authors in [119], [120], [121], [122],

Authorized licensed use limited to: Columbia University Libraries. Downloaded on February 18,2025 at 00:03:37 UTC from IEEE Xplore. Restrictions apply.
























